The pressure-induced phase-transition sequence in PbSc 0.5 Ta 0.5 O 3 (PST) and PbSc 0.5 Nb 0.5 O 3 (PSN) heavily doped with homo-and heterovalent cations on the A or B site of the perovskite-type structure (ABO 3 ) was analyzed by in-situ synchrotron x-ray diffraction and Raman spectroscopy up to pressures of 25 GPa. We focussed on the structural phenomena occurring above the first pressureinduced phase transition at p c1 from a relaxor state to a non-polar rhombohedral phase with antiphase tilting of the BO 6 octahedra. 
Abstract
The pressure-induced phase-transition sequence in PbSc 0.5 Ta 0.5 O 3 (PST) and PbSc 0.5 Nb 0. 5 O 3 (PSN) heavily doped with homo-and heterovalent cations on the A or B site of the perovskite-type structure (ABO 3 ) was analyzed by in-situ synchrotron x-ray diffraction and Raman spectroscopy up to pressures of 25 GPa. We focussed on the structural phenomena occurring above the first pressureinduced phase transition at p c1 from a relaxor state to a non-polar rhombohedral phase with antiphase tilting of the BO 6 octahedra. The samples studied were PST doped with Nb 5+ a -octahedral tilts. However, this ordering is less when the dopant is aliovalent, due to the charge imbalance on the A site. For all of the relaxors studied here, the dynamic compressibility estimated from the pressure derivative of the wavenumber of the soft mode associated with the first phase transition is larger in the pressure interval between p c1 and p c2 than above p c2 . The dynamic compressibility of the phase above p c2 decreases, if the antipolar Pb 2+ order is disturbed.
Introduction
Lead-based perovskite-type (ABO 3 ) relaxors are advanced ferroelectric materials which have been attracting considerable attention due to their extraordinarily high dielectric, electro-elastic and electro-optic response [1, 2] . Their superior performance is of great technological importance, for example in nonvolatile memory devices, yet their structure-property relationships are still a matter of debate. It is now well known that the broad frequency-dependent peak of the dielectric permittivity as a function of temperature is related to the existence of dynamic polar nanoregions distributed within a cubic paraelectric matrix [3, 4] , but it is still not clear which is the most efficient way to tune the relaxor properties via chemically induced changes in the nanoscale structure. High-pressure experiments on pure and doped relaxor compounds are of particular importance for the better understanding of the interplay between the structure and properties, because pressure can stabilise some of the ferroic atomic clusters that are present at ambient conditions but which may be suppressed at lower temperatures.
Recently it has been shown that pressure triggers a continuous phase transition from a relaxor cubic state to a non-polar rhombohedral phase with long-range ordering of antiphase octahedral tilts of equal magnitude in all three cubic
Glazer's notation [5] ) [6, 7, 8] . The effect of partial substitution of the Pb 2+ on the A sites by cations with isotropic outermost electron shells depends on whether the ionic radius r i of the substitution element is larger or smaller than that of Pb 2+ because this changes the structural tolerance factor
. The substitution of Pb 2+ by smaller cations reduces t and hence favours octahedral tilting, which results in a decrease of the critical pressure almost to ambient pressure [10] . The introduction of larger cations into the A site smears out the phase transition over a pressure range [11, 12] . The critical pressure may also be changed by B-site substitution even when the tolerance factor remains the same [13] . [10] , which is consistent with the doping-induced reduction of the tolerance factor (see table 1 ). At room temperature and ambient pressure all samples show x-ray diffuse scattering along the cubic * 110  reciprocal-space directions, which is typical of polar nanoregions [21] and indicates that the samples are in a relaxor state. A temperature-induced paraelectric-to-ferroelectric phase transition was observed only for the stoichiometric samples. Inhouse powder XRD clearly revealed that the Curie temperature of the PST sample studied here is near 270 K [18] , which is typical of chemically disordered PST, while the Curie temperature of PSN, which was expected to be near 378 K [22] , was only indirectly detected from the kink in the temperature dependence of the pseudocubic unit-cell parameter [23] . The latter, along with the presence of * 110  x-ray diffuse scattering, indicates that at room temperature the predominant structural state of PSN is move to the octahedral centres. The off-centred displacements of the Pb 2+ cations become locally ordered and quasi-dynamical long-range antiphase octahedral tilts are developed without breaking the average crystal symmetry. For PST the local coupling between the off-centred Pb 2+ ions is stronger along the cubic  111 direction, whereas for PSN it is more pronounced within the perpendicular plane [14, 20] . The continuous phase transition at p c1 from a cubic or pseudocubic relaxor to a nonpolar rhombohedral state is associated with the development of static long-range order of antiphase octahedral tilts, resulting in the appearance of hkl Bragg peaks with h, k, l = 2n+1 in reciprocal-space layers reconstructed from single-crystal synchrotron XRD data (throughout this paper the Miller indices refer to the doubled-perovskite cell with a ~ 8Å and m Fm3 symmetry), a discontinuity of the isothermal bulk modulus K, and the appearance of a Raman-active soft mode [7, 12, 13] . For continuous phase transitions the jump in the bulk modulus at the critical pressure K is indicative of the overall degree of structural alteration, which can be considered as a combined effect of the fraction of material that transforms and the structural difference between the two phases. The corresponding values of K for PST and PSN are 45 GPa and 17 GPa. The degree of structural alteration at p c1 also influences the integrated intensity of the soft mode, which is well pronounced in the Raman spectra of PST at p c1 . In the case of PSN however, at p c1 the soft mode could not be resolved from the adjacent Pb-localized mode near 50 cm -1 which generates strong Raman intensity in both relaxor and non-polar rhombohedral states [18, 20, 23] . For PSN the soft mode was resolved only at 7.5 GPa, approximately 3.5 GPa above the first phase transition pressure p c1 . Thus the change in K(p) at p c1 as well as the weaker intensity of the soft mode indicates that the degree of structural alteration at p c1 is considerably lower in PSN than in PST.
At the second characteristic pressure p 2 * the octahedral tilts around the three  100 cubic directions become different from each other on the mesoscopic scale as deduced from the splitting of the Raman scattering near 350 cm -1 [14] , which is related to the silent F 2u mode of the prototype cubic structure and arises from Pb-O bond stretching within the Pb-O sheets perpendicular to the cubic body diagonal (see figure 1 ) [20] . The second phase transition at p c2 was revealed by the appearance of additional sets of Bragg reflections and/or splitting of pre-existing Bragg peaks observed by singlecrystal synchrotron XRD [14] . The presence of Bragg peaks with h, k = 2n and l = 2n+1 accompanied by weaker XRD peaks with h = 2n and k, l = 2n+1 indicates antipolar long-range order of Pb reflections, reveals a reduction of the rhombohedral symmetry due to a long-range order of unequal antiphase tilts [14] . The latter structural alteration was observed for PSN, while the former for PST.
The difference between PST and PSN in the structural state above p c2 has been ascribed to the different correlation length of antiferrodistortive Pb-O species existing at ambient pressure, which is most probably due to the different degrees of short-range ordering on the octahedral B sites [14] .
The effect of doping on the phase transition at p c1 .
The analysis of PST heavily doped on the B sites with Nb (0.72PST-0.28PSN, PSTN) and Sn (0.78PST-0.22PbSnO 3 , PSTS) showed that the isovalent substitution of Nb 5+ for Ta 5+ shifts p c1 to 2.5
GPa, which is between the critical pressure of the end members, whereas the aliovalent substitution of Sn 4+ for pairs of Sc 3+ and Ta 5+ slightly decreases p c1 to 1.3 GPa [13] . The latter is related to the disturbance of the intermediate-range order of B-cation off-centre displacements in the polar nanoregions induced by the Sn incorporation, which facilitates the development of antiphase BO 6 tilt order [13] . The bulk modulus change K at p c1 is 21 GPa and 11 GPa for PSTN and PSTS, respectively, indicating that both types of B-site doping weaken the phase transition compared to pure PST, with the degree of structural alteration from a relaxor to a non-polar rhombohedral state being less in PSTS than in PSTN.
The partial isovalent substitution of Ba 2+ for Pb 2+ generates local elastic fields because of the larger ionic radius of Ba 2+ and the absence of stereochemically-active electron lone pairs typical of Pb 2+ . Due to the local strains in the vicinity of the individual substituent Ba 2+ cations, the first pressure-induced phase transition in Ba-doped PST (PBST) is smeared out over a pressure range from 2 to 4 GPa [11, 20] . The change in the bulk modulus between 2 and 4 GPa is 25 GPa [20] , which
shows that A-site Ba doping also weakens the phase transition at p c1 . proved that the "strain" effects are stronger than the "charge" effects and independent of the dopant valence. As a consequence, the substitution of small-radius cations on the A site results in chemically induced antiphase BO 6 tilt order at ambient conditions, i.e. the first critical pressure p c1 in at the vicinity of ambient pressure [10] .
Experimental details
Plate-like specimens parallel to the cubic {100} planes with a size of approximately 606030 mdetermined by the ruby photoluminescence method [25] . Helium was used as a pressure-transmitting medium, which remains hydrostatic up to 20 GPa and between 20 and 30 GPa shows negligible nonhydrostaticity [26] .
Synchrotron single-crystal XRD experiments were conducted at the F1 beamline of HASYLAB/DESY, using a radiation of wavelength  = 0.5000 Å and a MarCCD 165 detector. Data were collected at a sample-to-detector distance of 100 mm with a step width of 0.5° and an exposure time of 120 s per frame.
Raman spectra were measured from the same specimens in between two successive synchrotron XRD measurements, using a Horiba Jobin-Yvon T64000 triple grating spectrometer equipped with a Symphony CCD detector, an Olympus BH41 microscope and a 50 long-working distance objective. Spectra were collected in backscattering geometry, using the 514.5-nm line of an Ar + laser, with a spectral resolution of 2 cm -1 . All spectra were collected with the polarization of the incident light parallel to one of the cubic  100 directions, without analyzer on the scattered light. The conduction of precise polarized HP spectroscopic measurements is in general hindered by the partial depolarization of light from the diamond anvils and changes in the optical properties of strained diamond at high mechanical loads. At each pressure spectra from several different areas of the sample were measured to check the structural homogeneity. The measured spectra were corrected by subtracting a background spectrum collected from alongside the crystal in the sample chamber.
Spectra were subsequently temperature-reduced by the Bose Einstein occupation factor and fitted with Lorentzian functions. Measurements conducted during decompression of the sample verified the reversibility of the observed structural changes.
Results and Discussion
High-pressure Raman spectra and reciprocal-space layers reconstructed from synchrotron (table 2) , depending on the overall degree of structural transformation at p c1 , as discussed above. The difference between p c1 determined from XRD data and the first pressure at which the soft mode could be resolved is largest for PBST, which actually exhibits a diffuse phase transition over a pressure range. A strong enhancement and a splitting of the peak near (see table 2 ).
Therefore, one can suggest that for all relaxor compounds the kink in the soft-mode frequency with pressure is indicative of the occurrence of a second pressure-induced phase transition, since a change of dp d /  for the soft mode reflects the change in the compressibility of the whole system. Indeed, for all doped compounds studied here the critical pressure p c2 determined from the kink in the soft mode frequency is in very good agreement with the synchrotron XRD data (see table 2 ).
According to XRD data the critical pressure p c2 for PSTN should be between 10.5 and 12.3
GPa because additional sets of diffraction peaks are seen at the latter pressure but not at the former pressure (figure 2). The change in the slope of the soft mode indeed indicates p c2 = 11.3 GPa ( figure   8 ). Likewise, the XRD data suggest that p c2 for PSTS is between 8.1 and 11.3 GPa (figure 3), while the pressure dependence of the soft-mode wavenumber indicates a critical pressure at 11.1 GPa (figure 8). 
GPa a well resolved d-spacing
splitting of the 0k0 reflection with k even is observed (see figure 4) , which unambiguously reveals that the symmetry is lower than rhombohedral. Accordingly, the wavenumber of the soft mode at this pressure deviates from the linear trend (see figure 8) . Hence, the second pressure-induced phase transition in PBST involves only a change in the BO 6 tilt pattern from antiphase tilts with equal magnitudes along the three cubic  100 directions (a -a -a -) to a system of unequal antiphase tilts. For all compounds structure refinements to the collected synchrotron XRD data to determine the exact tilt pattern were not possible because of the oversaturation of the strong even-even-even Bragg peaks under the experimental conditions necessary for the detection of the pressure-induced diffraction features. However, DFT calculations on pure PST and PSN revealed that among the tilt configurations containing only antiphase tilts, a -b 0 b 0 is the most energetically unfavourable at high pressures while
-is the most energetically favourable [14] . In addition DFT calculations show that a
are energetically more stable than those with b a  [14] . Hence, we suggest that the second pressure-induced phase transition in PBST resembles that in PSN [14] and consists of alteration of the tilt pattern from
It should be emphasized that the doping of PST with Ba 2+ not only changes the phase transition pattern but also substantially shifts the second critical pressure p c2 from ~ 5.5 GPa to ~22
GPa.
Sections of the reciprocal-space layers of PLST are shown in figure 5 . and the mesoscopic-scale compositional order/disorder phenomena to suppress or enhance certain ferroic lattice instability (ferroelectric, antiferroelectric, ferrielectric) has been theoretically modelled using different approaches [29] [30] [31] [32] . Our study does not provide a quantitative picture of the influence of dopant concentration on the antiferodistortive lattice instabilities due to the absence of appropriate series of single-crystal samples but we hope that it would inspire further theoretical calculations to clarify the relation between various types of substitution elements and ferroic instabilities in complex perovskite-type materials.
Conclusions
Similar to the pure compounds, all of the doped relaxors that we have studied exhibit a second pressure-induced phase transition at p c2 from a non-polar rhombohedral phase with a 
